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We report the results of neutron-diffraction and low-energy neutron-inelastic-scattering experiments
on high-purity solid C7O between 10 and 640 K. Thermal hysteresis effects are found to accompany
structural changes both on cooling and on heating. The observed diffuse scattering intensity does not
change with temperature. At 10 K broad librational peaks are observed at 1.82(16) meV [full width at
half maximum=1. 8(5) meV]. The peaks soften and broaden further with increasing temperature. At
and above room temperature, they collapse into a single quasielastic line. At 300 K, the diffusive reori-
entational motion appears to be somewhat anisotropic, becoming less so with increasing temperature.
An isotropic rotational diffusion model, in which the motions of adjacent rnolecules are uncorrelated, de-
scribes well the results at 525 K. The temperature dependence of the rotational diffusion constants is
consistent with a thermally activated process having an activation energy of 32(7) meV.
I. INTRODUCTION
The high-temperature face-centered cubic (fcc, Fm 3m )
phase of solid C6o undergoes a first-order phase transition
at T, =260 K to an orientationally ordered simple cubic
(Pa 3) phase. ' The molecular dynamics change
abruptly at T, from quasi-isotropic rotational diffusion to
"shufHing" between two distinct nearly degenerate orien-
tations, differing in energy by —11.4 meV. ' As yet, a
comparable understanding of the structural and dynami-
cal properties of solid C7O has not been achieved.
Reasons include the relative scarcity of large crystalline
samples of sufficient purity and the greater complexity as-
sociated with the lower symmetry of the C7o molecule.
Early x-ray-difraction and electron-microscopy experi-
ments indicated a greater concentration of defects than
in C6O, and revealed coexistence of fcc and hexagonal-
close-packed (hcp) crystalline phases. Neutron-
diffraction measurements on the fcc phase of C7o led to
the identification of a well-defined transition to a rhom-
bohedral phase with little change in the unit-cell dimen-
sion and a rhombohedral angle of -85.6', suggesting that
the long molecular axis is aligned along the unit-cell diag-
onal. This phase must have uniaxial orientational disor-
der since the long molecular axis has fivefold symmetry,
which is incompatible with the 3 symmetry of the unit-
cell diagonal. The rhombohedral phase appears on cool-
ing at -270—280 K but persists on heating to -340 K.
At even lower temperatures, the crystallographic symme-
try is found to be lower than rhombohedral. In this case,
symmetry considerations allow the molecules to lock into
a fully orientationally ordered phase. A more recent
high-resolution x-ray-diffraction study' established the
symmetry of the low-temperature phase as monoclinic
but placed the fcc~rhombohedral phase transition at
345 K. Experimental information on the rotational dy-
namics has come thus far from pSR studies of solid C7o in
which the muons act as spin labels, sensitive to the
motion of the fullerene molecules. "' Reorientational
disorder of the long molecular axis sets in gradually at
about 160 K on the @SR time scale and a small anisotro-
py of the motion persists across the -270-K transition
into the orientationally disordered fcc phase. Further-
more, information on both the intramolecular' (at 20 K)
and intermolecular' (between 20 and 320 K) excitations
of C7O has been recently provided by studies employing
the neutron time-of-Qight technique.
Neutron-inelastic-scattering (NIS) measurements have
been successfully used to probe the rotational dynamics
of C6o. Below the 260-K ordering transition, the ob-
served excitations at nonzero ( -2.5 meV) energy transfer
are due to molecules librating about their equilibrium
orientations; as the temperature is raised through T, the
librational excitations collapse, and the appearance of a
quasielastic line (i.e., a broad line centered at zero energy
transfer) signals the onset of rotational diffusion. ' In the
present work, we employ NIS to study the temperature
evolution of the reorientational dynamics of C7O between
10 and 640 K. Low-energy librational modes are ob-
served at low T, whereas at high temperatures the ob-
served scattering is better described as quasielastic, due
to some sort of rotational diffusion. We have also found
that there is substantial diffuse scattering which does not
appear to diminish upon cooling through the ordering
transition, in sharp contrast to the situation encountered
in C6O.
II. MATERIALS AND METHODS
The C7O powder was separated from C6O by alumina
column chromatography using hexane as eluent. After
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washing with acetone, the solid extract was recrystallized
from benzene. It was then sublimed in a high-vacuum
system (10 Torr) at 840 K using a small cylindrical fur-
nace. In all, 500 mg of sublimed C7o powder were pro-
duced in this way ( ~98.5% C7O, ~ 1.5% C6O). The final
treatment of the sample involved extended annealing at
525 K ( ~ 2 days) in sealed quartz tubes. "' This led to a
highly crystalline material with no traces of trapped sol-
vent and a clean fcc [a=14.931(8) Aj x-ray-diffraction
profile at room temperature. The sample was further
characterized by high-resolution powder neutron
diffraction, and by infrared and ' C NMR spectroscopy.
An indication of the purity of the present sample came
from analysis of its total hydrogen content by prompt
gamma-ray neutron-activation analysis; ' this was deter-
mined to be 0.046(7)% by weight, i.e., roughly one H
atom for every three C70 molecules.
The neutron-scattering measurements were performed
at the Neutron Beam Split-Core Reactor (NBSR) at the
National Institute of Standards and Technology.
Diffraction profiles were recorded at 100 and 300 K using
the five-detector high-resolution powder diffractometer
BT1 with a wavelength of 1.54 A. The inelastic-
scattering measurements were performed using the BT4
triple-axis spectrometer with fixed incident neutron ener-
gies E, of 28 and 35 meV. The incident neutron beam
was monochromated using the Cu(220) reflection and the
scattered neutrons were analyzed using the pyrolytic
graphite (004) reflection. The measured resolution at the
elastic line for 60'-40'-40'-40' collimations was 1.057(9)
meV full width at half maximum (FWHM) for E; =28
meV and 1.57(2) meV for E, =35 meV. High-resolution
diffraction scans were also obtained using the BT4 spec-
0
trometer with an incident wavelength of 4.08 A. For
each experiment, the sample was loaded in an aluminum
(or a stainless steel) cylindrical can and placed inside a
closed-cycle He refrigerator (or a furnace). In the
analysis of the inelastic-scattering measurements, back-
ground runs were first subtracted, the intensities were
corrected for changes in the scattered energy contribu-
tion to the spectrometer resolution, and then the spectra
were symmetrized. The corrected data were subsequently
fitted using a 5 function at zero energy transfer (irido=0)
and Lorentzians centered either at zero or nonzero ener-
gy transfer, each convoluted with the measured Gaussian
instrumental resolution function.
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but the low T (11 K) data are clearly more complicated
with peaks apparently broader than the instrumental
resolution. These results are consistent with earlier
diffraction studies ' that established the existence of
phase transitions to rhombohedral and monoclinic phases
on cooling. What is also noteworthy is that the 11-K0
profile includes a peak at 1.2 A which is absent in the
rhombohedral and monoclinic phases ' and must there-
fore be the (220) fcc reflection. Thus, a fraction of the
high-temperature fcc phase appears to persist even at the
lowest temperature of the present experiment, implying
severe hysteresis effects. Furthermore the position of the
(220) reflection implies a rather large increase of -0.8%
in the cubic lattice constant between 11 and 300 K, iden-
tical to the one observed in solid C6O. ' Hysteresis effects
are also evident in the room-temperature profile, record-
ed on heating (Fig. 2, middle panel). While the intensities
of the fcc peaks have increased substantially, a fraction of
the rhombohedral phase is still present at room tempera-
ture, only disappearing on further heating to —350 K.
The rhombohedral/fcc transition is thus already under-
way well below the 345-K transition observed in the sam-
ple of Ref. 10. Coexistence of the fcc and simple cubic
phases of C6o has also been observed, ' albeit over a
temperature range of —5 K. ' This does not necessarily
violate the Gibbs rule, which, for a single-component sys-
III. NEUTRON DIFFRACTION
In Fig. 1 we show neutron-diffraction profiles at 100
and 300 K, obtained using the BT1 spectrometer. Both
spectra are dominated by Bragg scattering at low values
of the scattering vector Q and by continuous diffuse
scattering at high Q. However, the Bragg peak intensities
at low Q are considerably reduced on cooling to 100 K,
while their widths increase, suggestive of partially
resolved peak splittings. This implies a change to a lower
symmetry crystal structure. ' This is further confirmed
by the higher-resolution 4.08 A measurements shown in
Fig. 2. Before cooling (bottom panel), a clean profile hat
can be indexed as fcc is observed at room temperature,
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FIG, 1, Diffraction profiles of C7o at 100 and 300 K, mea-0
sured with 1.54-A neutrons. The profiles are normalized to the
same monitor count. Gaps represent the positions of lines due
to the aluminum sample holder. In the inset, data at the two
o —I
temperatures between 2 and 6.5 A are superimposed.
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were generally superior to fits with a single Lorentzian at
Ace=0. On the other hand, fits to the higher-temperature
spectra with Lorentzians at fico&0 were unsuccessful; the
Lorentzians collapsed to a single central line. At all tem-
peratures the Q dependence of the energy-integrated
scattering intensity implies that the observed scattering is
due to rotational motion of the molecules. ' ' Thus, li-
brational behavior occurs at temperatures below the
orientational ordering transition [Figs. 3(a) and 3(b)],
whereas we find no evidence for this type of motion at
and above room temperature [Figs. 3(c) and 3(d)]. In-
stead, the higher-temperature spectra are well described
at all Q by a quasielastic component which is much
broader than the instrumental resolution, suggesting that
fullerene molecules are undergoing some form of rota-
tional diffusion at these temperatures. It is also evident
from Fig. 3 that the intensity of the elastic component of
the scattering decreases with increasing temperature. On
the other hand, the energy-integrated intensity is essen-
tially independent of temperature, consistent with our
previous observation that the diffracted intensity in this
Q range does not also change with temperature. Togeth-
er, these results suggest that a rotational diffusion com-
ponent of the motion may persist on time scales longer
than those observable with the energy resolution of the
present measurements.
0
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A. Low-temperature results
Figures 4(a) and 4(b) show the temperature dependence
of the energy and full width of the librational modes, as
extracted from the fits. Our results agree well with those
of Renker et al. , ' except that their full width at 250 K is
somewhat smaller than ours. Comparative results for C6O
(Ref. 7) are also shown in Fig. 4; there are smaller error
bars on the C6o results because the peaks in the spectra
are more clearly separated than in C7o. The low-
temperature librational energy in C7o [1.82(16) meV at 10
K] is much lower than in C6o [2.77(6) meV at 20 K], and
the softening of the mode between 10—20 and 250 K is
significantly smaller in C7o ( —17%) than in C6o ( —35%).
Furthermore, the observed full widths are substantially
larger in C7o than in C6o [1.8(5) and 0.38(18) meV at 10
and 20 K, respectively], and they change less with tem-
perature. The difference in moments of inertia between
C6o (I =1.0X10 kgm ) and C7o (Il=1.24X10
and Ii=1.44X10 kgm ) is insufficient to explain the
difference in the observed low-temperature librational en-
ergies, and the difference in the moments of inertia of the
C7o molecule about axes parallel (Il ) and perpendicular(Ii ) to the fivefold axis does not by itself account for the
observed widths. Our conclusion is that the orientational
potential is softer and more anisotropic for C7o than for
C6O. Additional broadening may be due to increased
dispersion associated with the lower-symmetry crystal
structure of solid C7o at low temperatures. To further ad-
dress these questions, measurements on single crystals are
required.
The experimental results can be compared directly to
molecular-dynamics calculations, providing a stringent
test of various interatomic potentials. For instance,
FIG. 4. Temperature dependence of (a) the librational ener-
gy, and (b) the full width of the librational peaks. Lines are
guides to the eyes. Earlier results for C6o (Ref. 7) are included
for comparison.
Cheng and Klein' have modeled the intermolecular C-C
interactions using a standard Lennard-Jones potential0
with v=28 K and o. =3.4 A. Their calculation results in
a librational density of states which peaks at —1.2 meV
and has a width of 0.9 meV, both considerably less than
the experimental values. This indicates a model orienta-
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FIG. 5. Q dependence of the intensity of the qnasielastic
scattering at 525 and 300 K and of both the total integrated in-
tensity and the intensity of the librational peaks at 200 K. The
solid {dashed) line is the calculation for uncorrelated isotropic
(uniaxial) rotational diffusion of C7O molecules. Both calcula-
o —I
tions are scaled to have the same intensity at Q= 5.7 A
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At 300 K and above, quasielastic scattering is ob-
served. Plots of the Q dependence of the integrated in-
tensities at 300 and 525 K are shown in Fig. 5. The ob-
served behavior is again reminiscent of the situation in
C60 ~
We have calculated the coherent scattering function
assuming a model in which each C70 molecule undergoes
random-walk anisotropic rotational diffusion with
diffusion-constant components D~~ and D~, parallel and
perpendicular to a fixed molecular axis. The rotational
motion of each molecule is assumed to be uncoupled
from its translational motion, and the rotations of neigh-
boring molecules are assumed to be uncorrelated. The in-
coherent neutron-scattering law was first evaluated for
such a model by Zeidler. For coherent scatterers such
as carbon, the geometry of the diffusing molecule has to
be taken into account in calculating the powder-averaged
rotational component of the coherent neutron-scattering
function Stt(Q, co), which is expressed as a sum of
Lorentzian functions as
oo +I 1
Stt(Q CO)= g g SIm—
I = 1 m = —I I+~ Im
Here,
70 2
SIm =4' g j i(QR„)Yim(R„) (2)
~Im =~i +r ', rI =l(1+1)D&
(3)
'=m (D~~ D), —
jI are spherical Bessel functions, YI (R ) are spherical
harmonics, and R„(R„)specify the magnitude (direction)
of the vector R that joins atom v to its molecular center.
In our calculations, the coordinates of atoms in the C70
molecule were taken from Ref. 23.
Our model, described by Eqs. (1)—(3), reduces to the
full isotropic case by setting D~ =D~~ —=D, . This type of
tional potential softer by a factor of 2 than the one re-
quired by experiment, reminiscent of the situation in C60
(Refs. 7 and 20) where the calculated orientational poten-
tial was too small by a factor of 4. The greater deviation
between model calculations and experiment in C60 arises
from the additional anisotropic contributions to the
orientational potential associated with the nesting of the
short bonds in the pentagons (or hexagons) of adjacent
molecules. '
At fixed Q, the integrated intensity of the low-energy
librational modes increases smoothly with temperature,
consistent with harmonic behavior. On the other hand,
the Q dependence of the integrated intensity at fixed tem-
perature has the characteristic shape (Fig. 5) that we as-
sociate with rotational motion by analogy with previous
results for C60. ' ' Presumably, the orientational
order-disorder transition occurs, as in C60, when libra-
tional amplitudes become suSciently large to sample a
substantial fraction of the near-neighbor interatomic an-
gles.
B. High-temperature results
model has been successfully applied to describe the rota-
tional motion of C6o in its plastic phase. ' In the
present case, the Q dependence of the integrated intensity
of the quasielastic scattering, calculated using such an
isotropic diffusion formalism, is shown in Fig. 5 as the
solid line. A detailed comparison of the experimental
measurements with the calculated spectra convoluted
with the instrumental resolution, assuming a rotational
diffusion constant D„=1.5X10' s ' [cf. D„(C 6o, 520
K)=2.8X10' s '] is shown in Fig. 6. Note that the
only two parameters in this comparison are an overall
scale factor and D„. In selecting a value for the diffusion
constant, we relied on fitting the complete line shape rath-
er than on fitting simply the full width of the quasielastic
line. Clearly there is good, though not perfect, agreement
between our 525-K data and the isotropic diffusion mod-
el, implying that at this temperature the C70 molecules
sample all orientations with essentially equal probability,
thereby averaging over the anisotropy of the molecule.
Reorientational motions of individual molecules at this
temperature are thus effectively random with no pro-
nounced intermolecular correlations. It should be noted,
however, that the polycrystalline nature of the sample
will tend to mask any possible correlations or small an-
isotropy in the motion.
At 300 K the agreement between the measured spectra
and the isotropic diffusion model calculation is not as
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FIG. 6. Neutron-inelastic-scattering spectra taken at several
values of Q at 525 K, normalized to the same total monitor
count. The solid lines are the calculated spectra convoluted
with the instrumental resolution using an isotropic diffusion
constant of D„=1.5 X 10' s '. Note that the only two parame-
ters in this comparison are an overall scale factor and D, .
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1 ~mSs (Q, co) = g S
m=] & 1+0 7m
with
oo 7Q
S =(8m. ) g g j„(QR,)Y„(R„)
(4)
good. In this case, a detailed comparison of the experi-
mental measurements with the calculated spectra, assum-
ing an isotropic diffusion constant D„=1.0X 10' s ' [cf.
D, (C6o, 260 K)=1.4X10' s '] is shown in Fig. 7. The
criterion for selecting a value for D, was the same as for
the 525-K data. At 300 K, the isotropic model is some-
what less satisfactory in describing the experimental data.
This is consistent with the pSR experimental results, '
which indicate that there is anisotropy in the molecular
motion at this temperature.
The shape of the C7Q molecule necessitates that
diffusion about the long symmetry axis should occur at a
different rate than that of diffusion of the symmetry axis
itself. Setting D~~ =D„" a—nd Dt =0 in Eqs. (1)—(3) leads to
a model for the rotational dynamics of C7Q in which each
individual molecule performs diffusive motion only about
a fixed molecular axis (which may or may not coincide
with the long axis). Equations (1)—(3) then simplify to
read'
at 300 K is shown in Fig. 7; the uniaxia1 model does not
describe the experimental data as well as the isotropic
model. Discrepancies between the isotropic model pre-
dictions and the experimental measurements would
perhaps be removed with the introduction of a small an-
isotropy in the reorientational motion (i.e., considering
two slightly different diffusion constants D~~ and D~), as
necessitated by the pSR results. ' However, the present
data do not warrant the introduction of a second
diffusion parameter. We also note that our conclusion
here is at variance with the earlier work of Ref. 14.
Those authors concluded that the uniaxial model appears
to be superior to the isotropic one at 320 K; this was
based on comparisons of the full widths of the quasielas-
tic peaks with values extracted from fitting the calculated
spectra with single Lorentzians. However, the single-
Lorentzian-peak description is invalid for Q greater than
-3 A, yielding essentially misleading conclusions if
comparisons are made between experiment and calcula-
tion on the basis of peak widths alone, as revealed by our
own measurements which were performed with much
higher resolution in Q. Moreover, the C7o sample of Ref.
14 was a mixture of fcc and hcp phases at the tempera-
and
n =m v= 1
=mzDu
f?2 I' (6)
1100—
1000
C70, T=300K
Equation (5) corrects a typographical error which ap-
peared before in an equivalent expression by Renker
et al. ' If the fixed rotation axis is taken to coincide with
the fivefold axis of the molecule, S is only noniero when
0
m is an integral multiple of 5. For Q 6.5 A, contribu-
tions from terms with m) 25 are essentially negligible.
An expression equivalent to Eq. (5), which was actually
used in comparing the model to data, and which con-
verges rapidly in computations, can be derived using cy-
lindrical coordinates:
70
S = g cos(m P„)
X f d8sin8cos[Q cos8(z, —z„, )]0
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In this expression, z is the projection of the position vec-
tor R along the fixed molecular axis (which without loss
of generality lies along the z direction), r is its projection
on the equatorial plane, and P ~ is the azimuthal angle
between the position vectors R,R ~ of atoms v and v'
within the same molecule. Furthermore 0 is the angle
between the scattering vector g and the z axis, and J
are cylindrical Bessel functions of integer order m.
The dashed line in Fig. 5 shows a calculation of the
quasielastic integrated intensity using the uniaxial
diffusion model. A detailed comparison between the two
models (uniaxial with D„"=4.0X10' s ' and isotropic
with D„=1.0X 10' s ') and the experimental NIS data
Q=2.SA-
100
Q=i.vA-'
I I
—4 0 4 8
E (rneU)
FIG. 7. Neutron-inelastic-scattering spectra taken at several
values of Q at 300 K, norma1ized to the same total monitor
count. The solid (dashed) lines are the calculated spectra con-
voluted with the instrumental resolution using an isotropic (uni-
axial) diffusion constant of D„=1.0X10' s ' (D,"—4.0X10'
s '). Note that the only two parameters in this comparison are
an overall scale factor and D, .
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tures of measurement.
NIS measurements were also performed at a series of
temperatures between 300 and 640 K at Q=5.6 A
The observed temperature dependence of the isotropic
diffusion constant is consistent with a thermally activated
process having an activation energy of 32(7) meV. This is
comparable to the corresponding activation energy for
C@& of 35(15) meV. '
V. CONCLUSION
We have measured neutron-diffraction profiles at tem-
peratures between 10 and 300 K, and low-energy NIS
spectra of solid C7Q as a function of scattering vector, at
various temperatures between 10 and 640 K. The sample
was fcc at room temperature, transforming to a lower-
symmetry structure on cooling. Severe thermal hys-
teresis effects are found to accompany the structural
changes. The intensity of the diffuse scattering does not
change appreciably with temperature. At 250 K and
below, the fullerene molecules librate about their equilib-
rium positions, giving rise to NIS peaks near 2 meV. The
librational energy is smaller than in C and the peaks are
much broader, re6ecting a weaker and more anisotropic
orientational potential. The librations soften and their
amplitudes increase as the temperature increases until the
librational peaks collapse into a single quasielastic line at
300 K and above. At 300 K an isotropic diffusion model
is in better agreement with the data than a uniaxial mod-
el. Remaining discrepancies may be reduced by including
an anisotropic contribution in the model. Increasing the
temperature leads to faster tumbling of the C7Q molecules
and the quasielastic data at 525 K are in good agreement
with the isotropic rotational-diffusion model. The high-
temperature rotational motion is found to be thermally
activated with an activation barrier of 32(7) meV.
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